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Host speciﬁcityThough the duration of a single round of replication is an important biological parameter, it has been
determined for only few viruses. Here, this parameter was determined for Cauliﬂower mosaic virus (CaMV) in
transfected protoplasts from different hosts: the highly susceptible Arabidopsis and turnip, and Nicotiana
benthamiana, where CaMV accumulates only slowly. Four methods of differing sensitivity were employed:
labelling of (1) progeny DNA and (2) capsid protein, (3) immunocapture PCR,, and (4) progeny-speciﬁc PCR.
The ﬁrst progeny virus was detected about 21 h after transfection. This value was conﬁrmed by all methods,
indicating that our estimate was not biased by the sensitivity of the detection method, and approximated the
actual time required for one round of CaMV replication. Unexpectedly, the replication kinetics were similar
in the three hosts; suggesting that slow accumulation of CaMV in Nicotiana plants is determined by non-
optimal interactions in other steps of the infection cycle.
© 2009 Elsevier Inc. All rights reserved.Introduction
Infection is the result of interactions between a pathogen
exploiting the cellular machinery of its host, and the host, which
establishes defence reactions. Following an “arms-race-like” process,
interactions between hosts and parasites change over generations,
resulting in increased resistance of the host, and/or increased or
decreased ﬁtness of the pathogen. The ultimate source of variation
in these interactions is mutation. Due to their high mutation rates,
most viruses can adapt fast to novel hosts, the extreme case being
emerging infectious diseases and zoonoses. This becomes particu-
larly true in changing environments such as those caused by human
activities like agriculture and global warming. A better knowledge
of the quantitative parameters involved in viral variability in
different hosts may help to better understand and predict resistance
breaking and emergence of new viral diseases. Among other
parameters, a knowledge of the duration of one round of replication
is central to understanding the variability created in different hosts, as
more replication rounds would generate more mutations. Here, we
will deﬁne the duration of one round of replication as the time span
elapsing between entry of a virion into a susceptible host cell and
production of the ﬁrst progeny virus particles.
Despite its biological relevance and evolutionary consequences,
the duration of one round of replication is not well known for most
viruses, and has never been evaluated simultaneously in differentr).
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ll rights reserved.hosts. This lack of experimental evidence might be due to the fact that
such studies require detailed knowledge of viral life cycles. Therefore,
genomic variation of viruses is often expressed in the literature in
arbitrary time units such as days, months or years, or in more easily
accessible biological parameters such as burst time or one passage in a
host (Duffy, Shackelton, and Holmes, 2008). The few published
examples of minimal viral replication times vary from 13 min for
production of dsDNA T7 bacteriophages (De Paepe and Taddei, 2006),
to approximately 1.2 days for one HIV replication cycle (Perelson et
al., 1996), and at least 30 h for replication of dsDNA duck hepatitis B
virus (Qiao et al., 1999).
For plant viruses, labelling of the coat protein and incorporation of
3H into the ssRNA genome of Tobacco mosaic virus in infected BY2 cells
led to an estimation of the replication time of about 8 h (Kikkawa et
al., 1982). Measuring growth of necrotic local lesions on leaves
inoculated by the same virus led to an estimated 10- to 14-h duration
for one infection cycle, deﬁned as the time needed for the infection to
pass from one cell to the next (Malpica et al., 2002). For Cucumber
mosaic virus, RNA and coat protein synthesis were detected from 5 h
post-inoculation (hpi) in zucchini squash protoplasts (Gal-On et al.,
1994). The above values, which provide hints on the duration of a
single round of replication for two plant viruses, were all inferred
from studies that were not aimed speciﬁcally at estimating this trait.
Consequently, none of these values were validated or simply
compared in parallel in different hosts.
In this report, we set out to speciﬁcally and directly address this
question using Cauliﬂower mosaic virus (CaMV). CaMV is the type
member of the family Caulimoviridae, which, together with the
hepadnaviruses, belong to the paraphyllic group Pararetrovirus, which
have a DNA genome but replicate by reverse transcription. The CaMV
genome is a circular double-stranded DNA of approximately 8,000 bp,
239M. Khelifa et al. / Virology 396 (2010) 238–245and is encapsidated within a ∼50 nm icosahedral particle (Fig. 1A).
CaMV infects principally plants of the Brassicaceae and Solanaceae
families. Once introduced within a host cell, virions migrate to the
nuclear envelope, where they presumably decapsidate (Karsies et al.,
2002). The viral genomes then enter the nucleus where they form
minichromosomes that are transcribed by the host RNA polymerase II
to generate two mRNAs, the polycistronic 35S RNA comprising the
entire genome encoding 6 proteins, and the 19S RNA encoding a
single protein, P6. In the cytoplasm, P6 is translated from the 19S RNA
and aggregates in small inclusion bodies, where it transactivates
translation of all other viral proteins from the 35S RNA: P1, the
movement protein; P2, the aphid transmission factor; P3, an accessory
coat protein and component of the transmission bodies; P4, the main
coat protein; and P5, the reverse transcriptase [reviewed in Haas et al.,
(2002)]. The 35S RNA is also the template for the production of viral
genomic DNA, which is probably encapsidated into virions during or
shortly after its synthesis (Mesnard and Carriere, 1995). The progeny
virions are sequestered mostly into the P6 inclusions that grow over
time and form viral factories—the so-called electron dense inclusions.
However, some virions move to neighbouring cells and into the
phloem to establish systemic infection, and a few others migrate to
the so-called electron-lucent inclusion or transmission body, a single
large inclusion containing P2 and P3 that develops late in infection
and which is required for host-to-host transmission (Espinoza et al.,
1991; Khelifa et al., 2007; Martinière et al., 2009).Fig. 1. The CaMV replication cycle. (A) Genomic organisation of CaMV. The inner circle repr
Major ORFs are numbered I to VI and shown by coloured arrows. ORF VII is also shown thoug
promoters. The two external brown lines correspond to the pregenomic 35S and the subgen
the host cell (1), the virion is transported to the nuclear pore (2) and its genome imported i
genome with histones to form a minichromosome, the viral DNA is transcribed by cellular R
the 19S RNA results in production of P6 (5), which condenses into cytoplasmic virus factor
Among these, P5 replicates the genome by reverse transcription using 35S RNA as a templat
particles in the virus factories (8). With this last step, the minimal time required for one roun
unspliced intron region of plasmid pCaMV-Intron. The actin intron sequence, in lower case, w
the forward primer hybridising to ORF V and the reverse primer, which primes only on the
(underlined) and a non-extendable dideoxynucleotide at its 3′ end to enhance speciﬁcity oThe individual phases of the CaMV viral life cycle are thus well
known, allowing us to determine the duration of a single replication
round by detecting the appearance of the ﬁrst progeny virus particles
in electron-dense inclusions (see Fig. 1B). In order to evaluate
replication time only in single cells, and to rule out any interference
from asynchronously infected neighbouring cells in planta, we chose
to measure this parameter in isolated protoplasts. Moreover, the
protoplast transfection system has previously been used successfully
by us and others to infect plant cells from different host species with
CaMV particles or with plasmids encoding a redundant CaMV genome
(Kobayashi et al., 1998; Martinière et al., 2009; Maule, 1983; Tsuge et
al., 1994). Here, using several approaches to detect virus progeny in
parallel, we determine the minimal replication time of CaMV in
protoplasts of three host species, from two distinct families.
Results
Detection of total viral DNA synthesis by incorporation of
bromodeoxyuridine
5-bromo-2′-deoxyuridine (BrdU) is a thymidine analogue that is
incorporated into replicating DNA, and can subsequently be detected
using a speciﬁc antibody. We used this technique to determine the
earliest time point at which newly replicated CaMV DNA could be
detected. Arabidopsis protoplasts were transfected with CaMV viralesents the double-stranded circular DNA (8 kb) with sequence discontinuities (Δ1–3).
h its product has never been detected in infected plants. The yellow boxes represent the
omic 19S RNAs, respectively. (B) Replication cycle of CaMV. After entry of the virus into
nto the nucleus (3). After repair of DNA sequence discontinuities and association of the
NA polymerase II into the pregenomic 35S and subgenomic 19S RNA (4). Translation of
ies and transactivates the translation of all other viral proteins from the 35S RNA (6).
e (7). The newly transcribed viral DNA is encapsidated, resulting in generation of virus
d of replication is over, symbolised by the clock (9). (C) Schematic representation of the
as inserted into ORF V of CaMV (shown in upper case letters). The grey arrows indicate
spliced sequence. The black frame indicates the blocking primer containing LNA bases
f PCR ampliﬁcation.
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immunoﬂuorescence at different time points after transfection. To
further conﬁrm the BrdU-labelled DNA as viral DNA, we performed
colabelling with a marker protein for “virus factories” (P6). 15 h after
transfection (hpi), P6 was detected as being present diffusely in the
cytoplasm, thus not yet aggregated into inclusion bodies, and a BrdU
signal was not detected (data not shown). 21 hpi, P6 protein was
detected both as a cytoplasmic diffuse label and in small inclusions,
and a BrdU label was ﬁrst observed, restricted exclusively to small foci
(Fig. 2A). Notably, BrdU colocalised in some of the P6 inclusions
(arrows in Fig. 2A), indicating that the BrdU signal corresponded to
viral DNA, likely synthesized in nascent viral factories. The origin of
the BrdU foci not colocalising with P6 was not identiﬁed; they
corresponded probably to incomplete inhibition of chloroplast and/or
mitochondrial replication by Novobiocin (see Materials and methods).
At 26 hpi, both the P6 and BrdU staining was more intense and focused
into the same inclusions (Fig. 2A). BrdU label, but not P6 label wasFig. 2.Minimal replication time of CaMV in Arabidopsis. (A) BrdU incorporation in CaMV-tra
presence of BrdU for 21 h (left panels) or 26 h (right panels) and then double immunolabel
ﬂuorescence colocalises. The left panel also shows a BrdU-incubated mock-transfected cell (m
projections of Z-stacks. Bar=12 μm. (B) Kinetics of P4 and P6 accumulation in CaMV-transfe
either P6 (upper panel) or P4 (lower panel) at the time points indicated. Control cells labe
projections of confocal Z-stacks, the lower panel shows epiﬂuorescence images. Bar= 10
Protoplasts were transfected with pCaMV-GFP and newly formed encapsidated viral DNA wa
size of the expected 723 bp PCR product. (D) Detection of replicated CaMV genomic DNA by P
at the time points indicated and analysed for the presence of spliced progeny virus DNA by P
reverse-transcribed from spliced 35S pregenomic RNA, and of the unspliced 358 bp ampli
unspeciﬁc ﬂuorescence extending from 200 to 300 bp (see the lane pCaMV-Intron+LNA).
marker.considerably weaker when treatment of cells with trypsin was omitted
(data not shown), suggesting that BrdU-labelled DNAwas incorporated
into proteinaceous structures, most likely virions. The results also
illustrate that P6 assembles in viral inclusions with the same kinetics in
BrdU-treated and untreated cells, demonstrating that BrdU did not
interfere with this process (see below and Fig. 2B).
Labelling the capsid protein in pCaMV-GFP transfected protoplasts
The experimental set-up in the experiment described above (use
of virus particles for transfection) excluded the use of a coat protein
antibody to detect newly synthesised coat protein, as the input virions
would also be co-labelled. To circumvent this problem, and to detect
exclusively newly expressed coat protein, protoplasts were trans-
fected with a plasmid, pCaMV-GFP, which contained an infectious
genome of CaMV under the control of the 35S promoter and a reporter
GFP in a separate expression cassette for monitoring transfectionnsfected protoplasts. Cells freshly transfected with CaMV particles were cultured in the
led for incorporated BrdU and P6 as indicated. Arrows point to foci where BrdU and P6
ock), the right panel DAPI labelling of the nucleus. All images except mock are confocal
cted protoplasts. Cells were transfected with pCaMV-GFP and immunolabelled to detect
lled for P4 are shown in the lower panel (CaMV and Mock). The upper panel presents
μm for all images. (C) Detection of progeny virus particles by immunocapture-PCR.
s detected by immunocapture PCR at the time points indicated. The arrow indicates the
CR. Protoplasts were transfected with pCaMV-Intron. Total genomic DNAwas extracted
CR. The arrows denote the positions of the 203 bp PCR product expected from viral DNA
con. In some gels, like the one shown here, the 203-bp band was partially masked by
Experiments were repeated at least 3 times with similar results. M= molecular mass
241M. Khelifa et al. / Virology 396 (2010) 238–245efﬁciency. Aliquots of transfections were analysed by immunoﬂuo-
rescence for expression of the virus factory marker P6 and coat
protein P4 at different time points after transfection. Fig. 2B shows
that P6 was ﬁrst detected at 15 hpi, primarily as a diffuse cytoplasmic
label, although some small P6 inclusions were also observed. At
21 hpi, the P6 label became more prominent in inclusions at the
expense of the diffuse label, and at 23 hpi most P6 label was found
concentrated into inclusions (Fig. 2B). Thus, the kinetics of P6
accumulation were similar to those observed in virus particle-
transfected cells (Fig. 2A). This indicated that the transfection method
did not signiﬁcantly inﬂuence viral infection kinetics and allowed us
to study the appearance of virus particles using coat protein as a
marker. Fig. 2B shows that coat protein (P4) was ﬁrst detected in the
form of cytoplasmic foci at 21 hpi, the time point at which we
previously detected the ﬁrst newly synthesized viral DNA in Fig. 2A.
Virion immunocapture
We used an alternative approach to speciﬁcally detect encapsi-
dated viral DNA, i.e. immunocapture PCR, using P4 antibody to
scavenge virions from protoplasts transfected with pCaMV-GFP. The
results are shown in Fig. 2C. The encapsidated DNA was undetectable
in cells from the time point of transfection (T0) to 16 hpi (Fig. 2C). In
contrast, an ampliﬁcation signal became faintly detectable perhaps at
18 hpi, and was more visible at 21 and 22 hpi (Fig. 2C).
Detection of total viral DNA synthesis by transfection with CaMV-Intron
As a ﬁnal approach, we designed an experimental system to
exclusively detect replicated CaMV DNA in transfected protoplasts.
For this, we constructed an expression plasmid, pCaMV-Intron,
encoding a mutant CaMV genome that contains an intron in ORF V
(encoding the reverse transcriptase). This intron is spliced upon
transcription of the 35S RNA and, after reverse transcription, the
progeny viral DNA contains only intron-less ORF V. This allows
replicated DNA to be distinguished from the input DNA used for
protoplast transfection by speciﬁc PCR. A similar strategy has
previously been used by Kobayashi and Hohn (2003), but while
these authors replaced ORF VI with an intron reporter, we chose to
target the reverse transcriptase ORF in order to avoid providing P6 inFig. 3. Minimal replication time of CaMV in different plant species. (A–C) Transfection
immunoﬂuorescence for expression of P4 at the time points indicated. (B, C) Protoplasts we
intron-less progeny DNAwas detected by PCR at the time points indicated. (D-F) Transfectio
protoplasts at the time points indicated after transfection with pCaMV-GFP. (E, F) At the ind
speciﬁc PCR for the presence of total (E) or encapsidated (F) intron-less progeny CaMV DNA.
spliced progeny form, the other arrows denote molecular mass markers and the size of intron
of a blocking primer. The faint ∼200 and ∼250 bp bands for total viral DNA at T0 in (B) and
contamination and appeared despite appropriate precautions systematically. Experiments w
marker.trans. Infectivity of the plasmid construction was veriﬁed by
mechanical inoculation of turnip test plants (not shown).
Arabidopsis protoplasts were transfected with pCaMV-Intron, and
total viral DNA was extracted as described in Materials and methods.
Spliced progeny viral DNA was speciﬁcally detected by PCR using a
primer overlapping the splice junction of the intron (see Fig. 1C). To
further improve the speciﬁcity of the PCR, a third LNA blocking
primer hybridising to the intron 3′ end was included in the PCR mix.
Analysis of total replicated DNA extracted from transfected proto-
plasts (Fig. 2D, left panel) revealed that, at the time point of
transfection (T0) the ampliﬁed DNA corresponded to the initial
inoculum form measuring 358 bp, including the intron sequence
blocked by the LNA primer [compare Fig. 2D, lanes (−) and (+)]. The
same proﬁle was observed with CaMV-Intron plasmid DNA, serving
as a control (Fig. 2D, right panel). The presence of the LNA primer did
not interfere with ampliﬁcation of wild type (intron-less) CaMV
plasmid DNA (Fig. 2D, right panel).
The ﬁrst appearance of the spliced ampliconmeasuring 203 bpwas
recorded at 17 hpi, and it increased in amount at 20 hpi (Fig. 2D, left
panel). This DNA corresponded to the ﬁrst replicated virus genomes
within the cells.
Duration of CaMV replication in other plant species
We wanted to know whether CaMV replication time is dependent
on the host species or a property intrinsic to the virus, and hence we
measured the duration of one round of replication in protoplasts from
two other hosts.
The minimal duration of replication was ﬁrst measured in turnip, a
Brassicaceae (like Arabidopsis) highly susceptible to CaMV, by
following the kinetics of appearance of the capsid protein in
pCaMV-GFP-transfected turnip protoplasts by immunoﬂuorescence.
Fig. 3A shows that coat protein was ﬁrst detected 21 hpi. The labelling
appeared as cytoplasmic foci, as was also observed for transfected
Arabidopsis protoplasts. The result was veriﬁed by detection of viral
DNA synthesis in turnip protoplasts transfected with pCaMV-Intron.
Analysis of total replicated DNA extracted from transfected turnip
protoplasts revealed that between the time point of transfection (T0)
and 15 hpi no signiﬁcant signal for viral DNA was detected (Fig. 3B).
The ﬁrst appearance of spliced progeny viral DNAwas unambiguouslyof turnip cells. (A) Protoplasts were transfected with pCaMV-GFP and assayed by
re transfected with pCaMV-Intron, and accumulation of total (B) and encapsidated (C)
n of N. benthamiana cells. (D) Detection of P4 by immunoﬂuorescence in N. benthamiana
icated time points after transfection with pCaMV-Intron, protoplasts were screened by
The arrows labelled “203 bp” indicate the position of the PCR product expected from the
-containing input DNA (358 bp) that was detected in some experiments despite the use
(E) are probably due to unspeciﬁc ampliﬁcation, oligonucleotide dimerisation or cross
ere repeated at least 3 times with similar results. Bar= 10 μm, M= molecular mass
242 M. Khelifa et al. / Virology 396 (2010) 238–245visible at 17 hpi. Extraction of encapsidated viral DNA from the same
sample indicated the occurrence of ﬁrst virus particles at 21 hpi
(Fig. 3C).
Next, replication of CaMV was measured in a host from the family
Solanaceae, N. benthamiana, where CaMV accumulates more slowly
than in Arabidopsis or turnip (Mevel and Kerlan, 1990). As for turnip,
protoplasts were transfected with pCaMV-GFP and immunolabelled
for coat protein at different time points. Coat protein was ﬁrst
detected at 21 hpi. Fig. 3D shows representative images from these
immunoﬂuorescence studies. Distinct, small, and very intense dots
were observed at this time point. To conﬁrm this result, N.
benthamiana protoplasts were transfected with pCaMV-Intron and
spliced total and encapsidated viral progeny DNA were detected by
PCR. The earliest time point at which total viral progeny DNA was
detectedwas 17 hpi (Fig. 3E). Detection of encapsidated DNA from the
same sample indicated that the ﬁrst progeny virions appeared 20 hpi
(Fig. 3F).
Discussion
In this work, the time needed for one round of replication of CaMV
wasmeasured. Measurements of this type rely on exactly determining
the moment of infection (T0). To unambiguously control T0, we used
the protoplast system where the moment of transfection clearly
deﬁnes T0. Other approaches, such as microbombardment or
microinjection that also allow exact determination of T0, were not
chosen because of their inefﬁciency, compared to protoplast trans-
fection, in terms of number of cells actually inoculated. All other
inoculation methods do not allow this precision. Mechanical and
vector inoculation of leaves, for example, are not efﬁcient enough and
agroinﬁltration would have introduced an additional step to the
infection cycle, i.e. the time needed for interaction of the bacteria with
the plant cells. So, despite the risk that protoplasts have an altered
physiology that could inﬂuence replication kinetics, we chose to rely
on this system.
We deﬁned the replication round as ending with the appearance
of newly formed viral particles because, thereafter, virions could
rapidly return to the nucleus (Covey and Turner, 1993) and initiate a
further round of replication within the same cell. The principal
difﬁculty in making such measurements lies in the detection of the
ﬁrst progeny virus particles at the onset of synthesis when their
numbers will be very low. This difﬁculty is associated with a likely
overestimation of the actual replication time, due to insufﬁcient
sensitivity of the detection method employed. To circumvent this
problem, we used different experimental approaches with different
sensitivities to detect progeny CaMV. The rationale was that if the
same minimal replication time was determined using techniques
with different detection limits, then the measured value was not
biased by the method used and might thus faithfully represent the
true duration of the ﬁrst replication round. Four methods were
employed: Incorporation of BrdU into newly synthesised viral DNA,
labelling of newly produced capsid protein by immunoﬂuorescence,
detection of encapsidated viral DNA by immunocapture PCR, and
detection of viral replicated DNA by PCR.
With BrdU labelling, newly formed viral DNA was detected 21 h
after transfection of Arabidopsis protoplasts. We did not formally
identify, using hybridisation or other techniques, that the BrdU-
labelled DNA was actually of viral origin. However, some of the BrdU
label was found aggregated in small cytoplasmic foci where it
colocalised with P6, the marker protein for virus factories. This
suggests strongly that the newly formed BrdU-labelled DNA was
trapped in these inclusions, where encapsidation occurs (Mesnard
and Lebeurier, 1991). Protease treatment increased the BrdU signal,
indicating that the BrdU-labelled DNAwas indeed enclosed in protein,
most probably viral capsids, though masking of BrdU by P6 cannot be
ruled out.P6 protein itself was detected early in infected cells from 15 hpi
and before the other viral proteins or DNA. This is completely
coherent with the fact that it is expressed early in infection from 19S
RNA, independently of, and before, the other proteins, whose
expression depends on the transactivation activity of P6 (Bonneville
et al., 1989; Gowda et al., 1989). P2, for example, was detected by
immunolabelling later, from 18 hpi onwards, in CaMV-infected turnip
protoplasts [our own observations and Martinière et al. (2009)].
In a second approach, we determined the time point of appearance
of the capsid protein by immunoﬂuorescence and showed that this
protein is expressed at 21 hpi. As viral DNA is probably encapsidated
during or shortly after reverse transcription [Marsh and Guilfoyle
(1987) and discussed in Himmelbach, Chapdelaine, and Hohn
(1996)], this result suggests that the presence of progeny virus
particles becomes possible from this time point onwards. In a third
approach, we conﬁrmed, using immunocapture PCR, the existence of
P4-encapsidated DNA, i.e. viral particles, in transfected Arabidopsis
protoplasts at 21 hpi. The three ﬁrst methods have different
sensitivity thresholds, but they all converge to the same result,
21 hpi, for the detection of new progeny virus particles and indicate
that a CaMV replication round can be achieved within this time.
We used a fourth different approach to speciﬁcally detect progeny
viral CaMV formed in Arabidopsis-transfected protoplasts. With the
pCaMV-Intron inoculation technique, newly produced total DNA was
ﬁrst detected 17 hpi, 4 h earlier than with the other techniques.
However, this method did not speciﬁcally detect encapsidated DNA
but total viral progeny DNA including DNA not yet fully encapsidated,
and this might explain the difference. Consistent with this hypothesis
is the fact that also work by others (Hull and Covey, 1983; Maule,
1985) described unencapsidated, double-stranded viral DNA in
infected tissues and protoplasts, which were interpreted as reverse
transcription intermediates. This is seemingly controversial to the
assumption (see above) that CaMV reverse transcription and genome
encapsidation are closely coupled as described for hepadnaviruses
[reviewed in Mesnard and Carriere (1995)]. Clearly, more research is
needed to elucidate this point. It is interesting to note, however, that
we also detected a delay between the appearance of total and
encapsidated progeny DNA when pCaMV-Intron-transfected turnip
and N. benthamiana protoplasts were analysed with this technique.
One could argue that theremight be a delay of 4 h between the onset of
reverse transcription, primedbyminute amounts of P4 (Guerra-Peraza
et al., 2000) that were not detectable in our immunoﬂuorescence
experiments, and complete encapsidation of progeny DNA. Alterna-
tively, technical reasons might account for the observed difference.
Some earlier studies provide some hints regarding CaMV replica-
tion time. Most of these studies employed only one method to
determine this parameter, so bias due to the sensitivity of the
detection method remains undeﬁned. For example, infection kinetics
in protoplasts from Brassica hosts, using dot hybridization and
immunoﬂuorescence, showed that viral DNA accumulated between
24 and 96 hpi in turnip, and between 24 and 48 hpi in rape (Maule,
1983), earlier time points being omitted in these experiments. By
identifying the open circular DNA form, which is characteristic of
encapsidated genomes, Maule (1985) detected novel progeny virions
in transfected protoplasts from 48 hpi, with maximum accumulation
around 72 hpi. Experiments measuring 32PO4 incorporation in CaMV-
infected protoplasts suggested, by extrapolating the data, that the
time needed for virion production is about 10 to 15 h (Howell and
Hull, 1978). However, this latter study used cells prepared from
already infected plants. So the time required for targeting of the virus
to the nucleus, decapsidation, formation of mini-chromosomes,
transcription and translation was not taken into account. In fact, this
experiment potentially only measured the time needed for reverse
transcription and encapsidation. The same work also detected
appearance of radiolabelled CaMV DNA in transfected protoplasts
and estimated a replication time of 96 h. In another study, CaMV
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protoplasts, indicating that at this time point virus particlesmight also
be produced (Kobayashi et al., 1998), although the presence of virions
and viral DNA was not investigated. Finally, another report by the
same group (Tsuge et al., 1994) showed newly formed CaMV particles
in protoplasts 72 h after transfection by electron microscopy, but
earlier time points were not tested. Taken together, the data available
in the literature estimate the replication time of CaMV at somewhere
between 10 and 96 h. In this paper, with the simultaneous use of four
different approaches, we deﬁnitively narrow this time range to one
most probable value of 21 h.
The time of 21 h required for one round of replication characterises
CaMV as a rather slow-replicating virus when compared to dsDNA T7
bacteriophage, which takes 13 min to release its ﬁrst progeny in
infected E. coli (De Paepe and Taddei, 2006). On the other hand, CaMV
replication is considerably faster compared to duck hepatitis B virus,
which uses the same replication strategy and forms viral antigens in
infected duck hepatocytes at 30 hpi (Qiao et al., 1999).
In both turnip and N. benthamiana protoplasts, total CaMV DNA
was observed at 17 hpi whereas encapsidated genomeswere detected
around 20 hpi using the same detection techniques. This is quite close
to the 21 hpi determined for Arabidopsis. Thus, approximately the
sameminimal replication time for CaMVwas measured in protoplasts
from different plant species belonging to two distinct families. These
results suggest that the replication kinetics of CaMV are largely
independent of the host cell, and that replication relies on basic
cellular factors and mechanisms that are conserved among the three
host species tested. The situation is different for establishment of
systemic infection: In Arabidopsis and turnip, systemic symptoms
begin to appear about 1–2 weeks after inoculation with CaMV Cabb B-
JI, whereas in N. benthamiana they appear only after 5 weeks [Mevel
and Kerlan (1990) and our own observations]. CaMV infection of So-
lanaceae depends, besides on the viral strain used (Schoelz, Shepherd,
and Daubert, 1986), also on environmental conditions (Qiu et al.,
1997). Besides implication of viral proteins P6 and P2, the mechan-
isms for this effect are unknown. Our work suggests that accumula-
tion kinetics in the whole plant, speed of invasion, and symptom
expression in different hosts are determined largely by steps in the
infection cycle other than the actual speed of replication, which in our
experimental conditions was approximately the same for one virus
isolate (Cabb B-JI) in three different plant species. It would be
interesting to investigate what step(s) beyond the intracellular level,
such as viral cell-to-cell movement, phloem-loading and long distance
transport, deﬁne differences in infection potential.
Our results offer the tools for a more precise estimation of viral
evolution traits such as recombination and mutation rates of CaMV.
Froissart et al. (2005) estimated the CaMV recombination rate to be in
the order of 2×10−5 to 4×10−5 per nucleotide base per replication
cycle by assuming that the time for one round of replication in plants
was around 2 days. These latter authors, however, anticipated a
possible imprecise estimate of the generation time and veriﬁed a
linear relationship between the recombination rate and the number of
replication cycles. Our results, indicating that the replication time is
close to one day, might now allow for a more precise calculation of the
recombination rate.
If the minimal replication time is placed in the context of the total
viral life cycle, it appears that CaMV ﬁrst concentrates the host's
resources on replication and probably also cell-to-cell spread because
the movement protein P1 is also expressed early (Kobayashi et al.,
1998). Only thereafter, i.e. from 24 hpi onwards (26), does the
transmission body, specialised for vector transmission of the newly
formed progeny, start to form, with peak expression of its marker
protein P2 not even reached at 72 hpi (Kobayashi et al., 1998). Thus, it
seems that replication and transmission are rather independent
events, i.e. two different functions in the viral life cycle each following
its own speciﬁc and distinct kinetics.Materials and methods
Protoplast preparation and transfection
Mesophyll protoplasts of Arabidopsis thaliana ecotype Col-0 were
isolated from leaves of 3-to 4-week-old plants that were germinated
and cultured on solid S medium (Duchefa) at 16 °C, under white light
and long-day conditions (16 h day/8 h night). Protoplasts were
prepared according to (Chupeau et al., 1974). For transfection, a
protoplast suspension (250 μl) containing 106 protoplasts in buffer 2
(0.5 M mannitol, 2.6% KCl, 3.5 mMMES, pH 5.8) (Lenée and Chupeau,
1986) was mixed with 50 μg of plasmid DNA or 30 μg of viral
particles and deposited as a single drop in a sterile Petri dish. 200 μl
of transfection solution (40% PEG 6000, 0.45 M mannitol, 0.1 M Ca
(NO3)2, pH 6.0) was immediately mixed with the protoplasts by
pipetting. The mixture was incubated for 20 min at room
temperature and then rinsed with buffer 2. The transformed
protoplasts were resuspended in 4 ml of culture medium (Macro
Skoog NO3, Micro Heller, Vitamins Morel Wetmore, 0.22 M glucose,
0.27 M mannitol, 3.5 mM MES, pH 5.8) and incubated at 25°C in the
dark.
Turnip protoplasts were isolated and transfected basically as
described in (Kobayashi et al., 1998) from 2- to 3-week-old turnip
plants (Brassica rapa var. ‘Just Right’) grown at 25°C in a greenhouse
under long-day conditions (16 h light / 8 h dark), except that leaves
were sterilised by submerging them for 3 min in 5-fold diluted
Domestos solution before maceration. For transfection, 106 cells and
30 or 50 μg puriﬁed virus particles or plasmid DNA, respectively, in
450 μl total volume, were mixed gently with 450 μl PEG (40% PEG
3000, 0.85 M mannitol, 40 mM CaCl2, 10 mM MES, pH 5.8) and
incubated for 30 min on ice. After addition of 8 ml ice-cold buffer T
(0.85 M mannitol, 40 mM CaCl2, 10 mMMES, pH 5.8), the protoplasts
were incubated for another 30 min on ice and then rinsed three times
with buffer H (0.5 M mannitol, 50 mM CaCl2, 50 mM glycine, pH 8.0).
The ﬁnal pellet was resuspended in JPL medium (Jouanneau and
Péaud-Lenoél, 1967) complemented with 0.4 M mannitol and 0.4 M
glucose and incubated at 25°C in the dark.
Nicotiana benthamiana mesophyll protoplasts were prepared
essentially as described in (Navas-Castillo et al., 1997) from plants
grown in pots at 22 °C and 14 h light/day in a climatic room.
Protoplasts were adjusted to 106 cells in 0.2 ml MMC buffer (0.7 M
mannitol, 10 mM CaCl2, 5 mM MES, pH 5.8) and mixed with plasmid
and 0.5 ml 30% PEG 8000 inMMC (ﬁnal concentration 0.6 Mmannitol,
8.5 mM CaCl2). After 1 min, the suspension was diluted with 8 ml
MMC and kept at room temperature for 5 min before being
centrifuged. Resuspended protoplasts were incubated in MMC
medium in the dark at 25 °C.
Plasmids
For construction of pCaMV-Intron, we used intron 3 of Arabi-
dopsis thaliana actin gene 11 (ATU27981, nt 1957–2111), which had
previously been used successfully by others for splicing (Guo et al.,
2003). The intron sequence fragment, ﬂanked on both sides by ORF V
sequences of CaMV Cabb B-JI (nts 3802–3840 and 3841–3912), was
synthesised by Genosphere and inserted into ORF V of plasmid pBS-
35S-B-JI, which contains 1.1 genomes of CaMV strain Cabb B-JI
(Delseny and Hull, 1983) under the control of the 35S promoter,
using the restriction sites XcmI and NgoMIV. The resulting plasmid
was named pCaMV-Intron.
pCaMV-GFP was obtained by inserting the sequence of the
enhanced green ﬂuorescent protein (eGFP), under the control of its
proper expression cassette, into plasmid pGreen-35S-B-JI, which
contains 1.1 genomes of Cabb B-JI under control of the 35S promoter.
See supplementary Fig. S1 for details of the cloning strategy and
plasmid maps.
244 M. Khelifa et al. / Virology 396 (2010) 238–245Viral particle puriﬁcation
Virus particles were puriﬁed from Cabb B-JI-infected turnip plants
exactly as described (Leh et al., 1999).
5-Bromo-2-deoxyuridine (BrdU) incorporation
Freshly transfected Arabidopsis protoplasts were maintained for
30 min in culture medium containing 40 nM Novobiocin (Sigma), to
block BrdU incorporation into chloroplasts and mitochondria, then
BrdU/5-ﬂuoro-2′deoxyuridine (10:1) (General Electric) was added
directly to the medium at a ﬁnal concentration of 0.1%. The non-
toxicity of Novobiocin was veriﬁed by testing the viability of
Novobiocin-treated Arabidopsis cells with the life-cell marker ﬂuo-
rescein-diacetate. Moreover, Novobiocin should not affect CaMV
replication, as a previous study showed that this DNA-gyrase inhibitor
did not inﬂuence replication of DHBV (Wang et al., 1995), a
pararetrovirus similar to CaMV.
Immunoﬂuorescence
Protoplasts were ﬁxed for 20 min at room temperature with 1%
glutaraldehyde and developed for immunoﬂuorescence as described
(Martinière et al., 2009) using chicken P6 antiserum (Martinière et al.,
2009) diluted 1:25, and rabbit P4 antiserum (LOEWE) diluted 1:10. For
BrdU staining, the ﬁxed protoplasts were treated with 5 μg/ml trypsin
(Sigma), and then the trypsin was inactivated with 1.5 μM aprotinine
(Fluka), before slides were incubated with monoclonal mouse BrdU
antibody (General Electric) in DNase buffer at 1:100 dilution according
to the manufacturer's instructions. After three washes with PBS, slides
were incubated for 1 h with the appropriate secondary antibody
conjugates (Alexa Fluor 488 or 594, Invitrogen) diluted 1:300 in PBS
buffer, and nuclei were labelled for 10 min with 1 µg/ml DAPI. The
slides were mounted in 90% glycerol in PBS for observation.
Microscopy
Cover slides were observed by epiﬂuorescence with an Olympus
BX60 microscope, equipped with narrow-band ﬁlter sets for ﬂuores-
cein and Texas Red, and 40× air and 100× oil objectives. Images were
acquired with a Leica DFC300 Fx camera using Leica Application
V.3.1.0 software. Confocal images were recorded with a Leica SP2
confocal microscopy system operated in sequential mode. Alexa Fluor
594 dye was excited with the 543 nm line of a He/Ne laser, and the
prism spectrophotometer head set to record emission from 600 to
640 nm. Alexa Fluor 488 ﬂuorophore was excited with the
corresponding line of an Ar laser and emission was collected from
500 to 530 nm. Optical sectionswere recorded at 0.5 μm intervals with
a 100× oil immersion objective. Raw images were processed with
Leica LCS 2.6 software. The confocal images in the ﬁgures are overlays
of the image stacks. In all cases where co-localisation was visible, it
was veriﬁed in individual optical sections (not shown).
Immunocapture PCR
PCR strips were coated for 2.5 h at 37°C with 100 μl of rabbit CaMV
antibody (LOEWE) diluted 1:50 in carbonate buffer (15 mM Na2CO3,
34 mM NaHCO3, pH 9.7). Wells were then washed with PBS-T buffer
(PBSwith 0.1% Tween-20), prior to an overnight blocking stepwith 5%
milk powder in PBS-T at 4°C. The transfected protoplasts were
resuspended in PBS-T, disrupted by 3 freeze-thaw cycles and treated
with 40 units of DNase (Fermentas) during 2 h at 37 °C. 100 μl of the
treated protoplasts was added to each well and incubated for 2.5 h at
37 °C. Plates were then washed with TBS-T (TBS with 0.1% Tween-20)
and 3 units of DNase were added to each well. Plates were incubated
for 30 min at 37 °C prior to inactivation of the DNase by heating for15min at 95 °C. Aliquots were analysed by PCR. PCRwas carried out in
a 100";C. Aliquots were analysed by PCR. PCR was carried out in a
100 μl volume of reaction mixture containing 3 units of Pfu
polymerase (Promega). PCR consisted of 40 cycles of 94 °C for
1 min, 45 °C for 30 s and 72 °C for 1 min. Primers were designed
against the ORV VI region of CaMV to amplify a target sequence of
723 bp. The forward and reverse primer sequences were 5′-
AGACCTCCAAGCATGGAGAACATAGAAAAA-3′ and 5′-GGCTGGAT-
CACTGCTGGGCCTTTTG-3′, respectively. The ampliﬁed products were
resolved on 0.8% agarose gels, followed by ethidium bromide staining.
Detection of pCaMV-Intron viral progeny DNA
Aliquots of transfectionswere sedimented for 5min at 60 g. For total
viral DNA extraction, protoplasts were resuspended in 1 volume 3×
Hirth buffer (TE, 2% (w/v) SDS, 400 mM NaCl) and 1 volume 10 μg/ml
trypsinwas added. After 4 h incubation at 37 °C, 1 volume 4MNaCl was
added and the suspensions were agitated overnight at 4 °C. The trypsin
was inactivated by heating at 75 °C for 15 min. The extracts were
centrifuged for 15 min at 9300 g, and the supernatant used for DNA
extraction using a Wizard DNA clean up kit (Promega). For puriﬁcation
of encapsidated CaMV DNA, protoplast pellets were freeze-thawed
several times and then treated for 2 h at 37 °C with 50 units DNase
(Fermentas). The DNase was then inactivated with 5 mM EDTA. Viral
particles were sedimented by a 90-min centrifugation through a 15%
sucrose cushion at 45,000 rpm in a Ti70.1 rotor (Beckman). Viral DNA
was puriﬁed from the pellets with the Wizard DNA clean up kit.
Replicated CaMV DNA was detected by PCR performed with AmpliTaq
(Applied Biosystems) using three primers: two PCR primers annealing
in ORF V and in the region overlapping the splice junction in ORF V,
respectively, and a non-extendible LNA blocking primer (Fig. 1C).
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